Iron is a common trace impurity in the group-III nitrides. Iron is also intentionally introduced in III-nitride electronic devices to create semi-insulating substrates and in the context of spintronics and quantum information applications. Despite the wide-ranging consequences of iron's presence in III-nitrides, the properties of iron impurities in the nitrides are not fully established. We investigate the impact of iron impurities on the electrical and optical properties of GaN, AlN, and InN using first-principles calculations based on a hybrid functional. We report formation energies of substitutional and interstitial iron impurities as a function of the Fermi-level position. We also investigate complexes of Fe with substitutional oxygen on the nitrogen site, with nitrogen vacancies and with hydrogen interstitials. In GaN and AlN, iron on the cation site is amphoteric. We discuss the role of the Fe-induced acceptor level and its impact on nonradiative recombination in the context of loss mechanisms in light emitters, and current collapse in high-electron-mobility transistors. In InN, we find the iron interstitial to be the most favorable configuration, where it acts as a shallow double donor.
I. INTRODUCTION
The III-nitride semiconductors, GaN, AlN, InN and their alloys, are key materials for light-emitting diodes and lasers in the visible and ultraviolet spectrum [1] and are increasingly used in power electronics and high-electron-mobility transistors (HEMTs) [2] . Iron is sometimes intentionally introduced in the fabrication of nitride semiconductor devices, for instance, to create semi-insulating GaN buffer layers for HEMTs [3] . Transition-metal impurities in GaN or AlN are also being considered for spintronics applications [4] [5] [6] and as spin qubits for quantum-information technology applications [7] .
The growth of nitride semiconductors can also result in the unintentional incorporation of iron. Contamination may arise from the presence of silica or alumina components in the system or from the reaction of amides and halides formed from gas sources with stainless steel components [8] . Memory effects following the intentional incorporation of iron can also lead to unintentional incorporation of iron in subsequent growth processes [9] . Secondary ion mass spectroscopy (SIMS) on bulk GaN samples grown using hydride vapor phase epitaxy (HVPE) [10, 11] revealed the presence of iron incorporated unintentionally at concentrations of 10 15 cm −3 [10] . The unintentional incorporation of iron in these samples was (at least partially) attributed to the Mg source used for p-type doping. Indeed, it has been demonstrated that incomplete purification of the organometallic precursors that are used as the Mg source for p-type doping can lead to the presence of iron [12] , which could be unintentionally incorporated in the III-nitrides.
The use of iron to create semi-insulating GaN buffer layers for GaN/AlGaN HEMTs has also been associated with negative impacts on the performance of nitride HEMTs. In particular, current collapse in the drain-source current and shifts in the threshold voltage have been correlated with the concentration of iron in the GaN buffer [13] . Trace concentrations of iron have also been associated with efficiency losses in nitride optoelectronic devices. Time-resolved photoluminescence (TRPL) studies identified iron as an efficient Shockley-Read-Hall recombination center leading to nonradiative recombination lifetimes considered detrimental to the internal quantum efficiency (IQE) of light-emitting diodes (LEDs) [14, 15] .
Iron in AlN and InN has been studied less in comparison to GaN. Iron intentionally introduced in AlN was found to act as a deep acceptor [16] and leads to narrow emission lines with long luminescence lifetimes [17] [18] [19] [20] . Such characteristics have been studied in detail in Fe-doped GaN and were associated with internal d-d transitions between different spin multiplet states [21] . Malguth et al. [21] used the position of the deep acceptor level due to Fe on the cation site in GaN and AlN [16] to determine the position of the Fe level in other III-V semiconductors based on theoretical band offsets. For InN, they found the acceptor level to lie above the InN conduction-band minimum (CBM), but the assessment was based on an incorrect band gap of 2 eV that was widely accepted at the time. When incorporated substitutionally into any of the IIInitrides, the iron d states split into a series of states due to a combination of the (approximately) tetrahedral crystal field and the exchange splitting. This gives rise to excited states which impact the electrical and optical properties. These excited states have been shown to lead to characteristic radiative optical transitions [21] and also to enable efficient nonradiative carrier capture processes [22, 23] .
Iron impurities in nitride semiconductors have been studied using first-principles calculations based on density functional theory (DFT). Prior work relied mostly on conventional functionals such as the local density approximation (LDA) or the generalized gradient approximation (GGA) [24] [25] [26] . Calculations at the LDA or GGA level have several shortcomings, including uncertainty in defect levels and formation energies due to the underestimation of the band gap [27] , incorrect positioning of the valence-band maximum (VBM) on an absolute scale [28] , and challenges in describing localized states such as transition-metal d states. GGA+U calculations [29] have been performed in an attempt to correct for this, but have failed to obtain good agreement with the experimental data for Fe in GaN. Hybrid functionals have been shown to provide much more accurate band structures as well as improved descriptions of localization [27] . Hybrid functional calculations for Mn in Ge [30] and in GaN [31] demonstrated excellent agreement with photoemission data, and for Fe in GaN the acceptor level was identified to be 0.5 eV below the GaN CBM [22, 32] , in agreement with absorption [21] and deep-level transient spectroscopy (DLTS) [33] measurements of Fe-doped GaN.
This overview of prior work makes clear that many aspects of iron impurities in nitrides remain to be explored. Here we report hybrid functional calculations of formation energies, thermodynamic transition levels, and optical transition levels due to iron as a substitutional and interstitial impurity in GaN, AlN, and InN. We consider Fe incorporation on the cation, anion, and interstitial sites of each nitride semiconductor. The incorporation of Fe as an acceptor can also lead to complexes with donors, for instance, with nitrogen vacancies [34] . Regarding complexes with impurities, we focus on elements that are often unintentionally incorporated during the growth of GaN, such as oxygen [35] or hydrogen [36] .
Our systematic study shows that Fe can be stable in different configurations in the various III-nitrides. We show that Fe in GaN and AlN acts a deep acceptor in both materials and gives rise to broad free-to-bound optical transitions in the visible. In contrast, Fe in InN is stable in an interstitial configuration and acts as a shallow donor. Complexes give rise to optical transitions that are distinct from those due to the substitutional acceptor. Some of the results on Fe in GaN were previously reported [22] ; they are repeated here in the interest of presenting a comprehensive picture of the behavior of Fe in III-nitrides but with significantly more detail.
In Sec. II we describe the computational methodology. In Secs. III A and III B we report on the electronic and optical properties of Fe incorporated substitutionally and interstitially in GaN. We also discuss the electronic and optical properties of Fe complexes in GaN in Secs. III C and III D. The role of Fe in GaN as an electron trap in III-nitride high-electronmobility transistors and as an efficient recombination center is discussed in Secs. III E and III F. In Sec. IV we report on the electronic and optical properties of Fe in AlN, and the properties of Fe in InN are presented in Sec. V. General trends that can be inferred from our work are discussed in Sec. VI. Key results are summarized in Sec. VII.
II. METHODS
Our calculations are based on DFT using the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) [37] as implemented in the Vienna Ab Initio Simulation Package (VASP) [38, 39] . The mixing parameter for the Hartree-Fock potential is set to 0.25 for InN, 0.31 for GaN, and 0.33 for AlN [40] , chosen to produce band gaps that are in good agreement with the experimental values for each material [41] . Our HSE-calculated band gaps are 0.68 eV for InN, 3.48 eV for GaN, and 6.18 eV for AlN; the corresponding experimental gaps are 0.70 eV for InN, 3.50 eV for GaN, and 6.19 eV for AlN [41] . Lattice parameters are also found to be within 1% of the experimental values for each material [41] . The interaction between the valence electrons and ionic cores is described within the projector augmented wave (PAW) approach [42] with a plane-wave energy cutoff of 400 eV. Ga d states and In d states were treated as part of the core.
Point-defect calculations were performed using a 96-atom supercell, and the Brillouin zone was sampled using a (2 × 2 × 2) Monkhorst-Pack grid. Spin polarization was included in all cases. Spin configurations were calculated by enforcing the spin multiplicity. To determine the likelihood of incorporating an impurity in a crystal, we calculate the formation energy. For the example of Fe substituting on the Ga site in GaN, the formation energy is given by [27] 
where E tot (GaN) is the total energy of the pristine GaN supercell, E tot (Fe q Ga ) is the total energy of the structure containing the impurity in charge state q, and μ Ga and μ Fe are the chemical potentials of Ga and Fe. μ Ga can vary between Ga-rich (equilibrium with bulk Ga) and Ga-poor conditions (equilibrium with N 2 molecules). For μ Fe , the upper limit is set by the solubility-limiting phase, Fe 3 N. E F is the Fermi level, which is referenced to the VBM (E v ), and q is the finite-size correction for charged defects [43, 44] . For complexes containing oxygen, the chemical potential for O is set by the formation of Ga 2 O 3 (which corresponds to the solubility limit).
For each defect or complex, we consider all possible charge states q. When dealing with transition-metal impurities, a different notation is often employed, reflecting the oxidation state of the impurity. For example, in the charge-state notation we refer to the neutral charge state of substitutional Fe as Fe 
where E f (D q ; E F = 0) is the formation energy of D q when the Fermi level is at the VBM (i.e., for E F = 0). The charge-state transition level (q/q ) is thus determined by the Fermi-level position at which the formation energies of charge states q and q are equal.
We will discuss optical transitions due to Fe and Fe-related complexes in the III-nitrides by constructing configurationcoordinate (CC) diagrams [45, 46] . CC diagrams describe the change in energy as the atomic coordinates change for a given charge state of a defect. Since the atomic relaxations differ for different charge states, the peak energies in an absorption or luminescence process differ from the thermodynamic transition level [which gives the energy of the so-called zero phonon line (ZPL)]. To calculate the peak absorption and emission energies associated with a change in charge state from q to q we use our definition for the charge-state transition level, ε(q/q ) [Eq. (2)] but keep the atomic configuration of the defect fixed: in the final state following the optical process the atomic configuration of the defect is the same as in the initial charge state.
For example, if we consider a photoluminescence process that involves the Fe Ga acceptor level and a hole in the valence band, the peak photoluminescence (PL) energy E PL can be calculated as
where ε(0/−) is the charge-state transition level of the Fe Ga acceptor referenced to the VBM of GaN and E rel is the relaxation energy, i.e., the energy difference between Fe Ga in the neutral charge state in the atomic configuration of the negative charge state and the energy of Fe Ga in the neutral charge state in its equilibrium geometry. For optical transitions that involve the Fe Ga acceptor level and an electron in the conduction band, the photoluminescence peak energy [Eq. (3)] can be calculated using the charge-state transition level, ε(0/−), as
where E g is the band gap of the material.
III. IRON IMPURITIES IN GaN

A. Electronic properties of Fe in GaN
Formation energies for various configurations of iron in GaN are shown in Fig. 1 . Iron on the nitrogen site, Fe N , has a (2+/+) level at E v +2.73 eV. In the positive charge state, the four nearest-neighbor Ga atoms relax outward by 19% of the N-Ga bond length. In the q = 2+ charge state, there is an asymmetric outward relaxation of the four nearest-neighbor Ga atoms; the Fe-Ga bond lengths relax outward by 20% along the basal plane and by 29% along the axial direction. These large atomic relaxations can be explained by the large mismatch in ionic radii between N and Fe.
The iron interstitial Fe i has a (3+/2+) level at E v +0.35 eV, a (2+/+) level at E v +2.45 eV, and a (+/0) level at E v +3.05 eV. In the q = 2+ and q = 3+ charge states, Fe i bonds to four nearest-neighbor nitrogen atoms. In the positive charge state, Fe i bonds to a single nitrogen atom and the Ga atoms that are nearest neighbor to this N atom are displaced outwards by 3% of the Ga-N bond length. Both Fe N and Fe i have very high formation energies, larger than the formation energy of Fe Ga regardless of the position of E F or the choice of chemical potential. Indeed, electron paramagnetic resonance (EPR) measurements on Fe-doped GaN have observed Fe substituted on the Ga site [47] , consistent with our finding that Fe Ga has the lowest formation energy.
The electronic properties of Fe substituted on the Ga site can be understood as follows. Removing one Ga atom from the GaN lattice creates four nitrogen dangling bonds that point towards the vacant Ga site. When a Fe atom is incorporated on this site, the tetrahedral environment (ignoring the slight breaking of symmetry in the wurtzite structure) splits the Fe d states into three t 2 states and two e states. The exchange splitting is large, which results in the majority spin states being pushed below the N p states and the minority states being pushed above the conduction-band minimum (CBM), as illustrated in Fig. 2 . We find a peak in the occupied Fe d spin-up states at 7.7 eV below the VBM, as shown in the density of states in Fig. 3(a) . The corresponding peak in the unoccupied spin-down states is located 0.8 eV above the CBM at .
The neutral charge state, Fe 2+ oxidation state Fe 2+ ) is a spin quintuplet (S = 2). The four nearest-neighbor N atoms move outwards by 4%. One spin-down d state is now occupied and has moved into the gap. In the positive charge state, Fe + Ga , the N atoms relax inwards by 1.1%. The (+/0) levels appear at 0.26 eV above the VBM. Consistent with prior reports [48, 49] , we find the wave function for the positive charge state localized on the Fe atom and the four nearest-neighbor nitrogen sites. Figure 1 shows that the (0/−) thermodynamic transition level (acceptor level) is located 0.50 eV below the CBM. This result is consistent with DLTS measurements [33] and with UV-VIS transmission spectra showing an onset in absorption at 2.86 eV in Fe-doped GaN [21] . Our results agree with previous hybrid functional calculations by Puzyrev et al. [32] , who also found the (0/−) thermodynamic transition level 0.5 eV below the CBM. However, they differ from the hybrid functional calculations of Alippi et al. [48] , who found the (0/−) due to Fe Ga level to be 0.93 eV below the CBM. This difference may be related to their use of 25% mixing in the HSE calculations, which leads to a lower band gap of 3.33 eV, as well as a lesser degree of localization of d states.
B. Optical properties of Fe Ga in GaN
Free-to-bound transitions
The optical transitions associated with the (0/−) and (+/0) transition levels of Fe Ga are illustrated in 
with an onset at the ZPL of 3.00 eV and a peak at 3.38 eV. This is in agreement with experimental studies on GaN samples intentionally doped with iron, which reported an onset in absorption at 2.86 eV, with a peak at 3.27 eV [21] . The Fe Ga can also give rise to emission, with the Fe
Ga process leading to blue emission with a peak at 2.60 eV.
The donor level close to the VBM also allows for optical transitions [ Fig. 4(b) ]. The Fe
Ga process gives rise to emission at 2.92 eV; the corresponding absorption process has a ZPL at 3.24 eV and would peak at above-bandgap energies.
Our of Fe-doped GaN with above-band-gap excitation indeed observed a broad PL peak at 2.96 [14] or 2.80 eV [50] . This emission energy is close to the 2.92 eV we predict for the Fe Fig. 4(a) ], which we predict to have an emission peak at 2.60 eV-additional discussion about this emission is included in Sec. III F. As to the difference between the experimentally observed emission peaks (2.96 eV in Ref. [14] and 2.80 eV in Ref. [50] ), this could potentially indicate formation of a Fe Ga -related complex (see Sec. III D).
Internal transitions
The d states of Fe when substituted on a Ga site are subject to a tetrahedral crystal field (with slight deviations due to the wurtzite crystal symmetry). Within a tetrahedral crystal field, the Fe 3d states are split into e and t 2 states. In addition, exchange splits these states into spin-up and spin-down states (Fig. 2) We can use a self-consistent-field ( SCF) [54] approach to determine the energies between the ground state (S = 5/2) and the first quadruplet (S = 3/2) excited state of Fe 0 Ga . Our HSE calculations result in an energy difference of 1.55 eV [22] . While this is slightly larger than the experimental value, it still indicates that HSE can be used to predict excited-state energies. As documented in Ref. [22] , further confirmation was provided by calculations using the random phase approximation (RPA) that used the geometries obtained with HSE. RPA yielded an energy difference of 1.40 eV between the ground state and the first excited state. We have also investigated the influence of the atomic geometry on the excited-state energies and find the energies to be insensitive to the details of the atomic structure. If the S = 3/2 excited state is calculated in the geometry of the S = 5/2 ground state, the energy difference between the ground state and the first excited state is 1.35 eV, differing by only 50 meV from the result obtained for separately optimized geometries. We note that, in general, a description of spin multiplet states requires going beyond the Kohn-Sham picture, since wave functions composed of more than one Slater determinant may be needed [55] .
C. Electronic properties of Fe Ga complexes in GaN
Thus far we have focused on the properties of isolated Fe impurities in GaN. We now investigate the possibility of complex formation, focusing on Fe Ga , which is the lowest energy configuration for the Fe impurity. Since Fe Ga behaves as a deep acceptor when the Fermi level is high in the gap, we expect complexes could be formed with deep or shallow donors, as was suggested in studies based on EPR and Zeeman spectroscopy [47, 56] . We will consider complexes with oxygen on the nitrogen site, O N , with interstitial hydrogen, H i , and with the nitrogen vacancy, V N .
A recent computational investigation by Puzyrev et al. [32] examined such complexes and found large binding energies [32] ; however, they did not report formation energies and hence did not address the likelihood of such complexes being actually present in the material. In Fig. 6 we summarize our calculations of the formation energies of Fe Ga complexes.
All of the complexes give rise to deep levels within the GaN band gap. Fe Ga -H i is a deep donor with a (+/0) level at E v +2.07 eV, in agreement with Ref. [32] . In the neutral charge state of Fe Ga -H i the Fe-H bond length is 1.88 Å while in the positive charge state H i is in an antibonding configuration, bonding to a N atom along the extension of a Fe-N bond. For the Fe Ga -V N complex, we find a (0/−) level 0.37 eV below the CBM, also in agreement with Ref. [32] . In the neutral charge state, the Fe-N bond length between Fe and the three nearest-neighbor N atoms is 6% larger than the Ga-N bond length, while in the − charge state the Fe-N bond lengths are 9% larger than the Ga-N bond length. We also find the Fe Ga -V N complex exhibits a (+/0) level at E v +1.63 eV and a (2+/+) level at E v +0.87 eV. In the + and 2+ charge states, the Fe-N bond length is 1.1% shorter than the Ga-N bond length.
Fe Ga -O N is the most stable among the complexes; its structure is illustrated in the inset of Fig. 6 . It behaves as a deep donor with a (2+/+) transition level at E v +0.70 eV and a (+/0) level at E v +2.28 eV. In the neutral charge state we find the three nearest-neighbor N atoms move outwards by 1% of the Ga-N bond length and the Fe-O bond length is 12% larger than the Ga-N bond length. In the + and 2+ charge states the three nearest-neighbor N atoms move inwards by 1% and the Fe-O bond length is 4% larger than the Ga-N bond length.
In order to assess the stability of the complexes with respect to the constituent defects we determine their binding energies. For example, the binding energy E b of the Fe Ga -O N complex in the neutral charge state is
resulting in a value E b = 2.98 eV. Similarly, the binding energy of (Fe Ga -H i ) 0 with respect to Fe Among the complexes we have studied, Fe Ga -O N exhibits the lowest formation energy for all values of the Fermi level within the GaN band gap. The formation energy of Fe Ga -O N is lower than the Fe Ga impurity and is particularly low when the Fermi level is in the lower part of the band gap, due to the donor nature of the complex. In contrast, Fe Ga -H i and Fe Ga -V N exhibit significantly higher formation energies, larger than the formation energy of the isolated Fe Ga defect; it is thus unlikely for these complexes to be incorporated at concentrations that are comparable to Fe Ga , under either Ga-rich or N-rich conditions.
Our results about the stability and electrical behavior of the Fe Ga -O N complex are in agreement with experimental observations by Muret et al. [57] . Using deep-level optical spectroscopy (DLOS) studies on Fe-doped GaN grown by metallorganic vapor-phase epitaxy (MOVPE), they reported a donor level with an activation energy 1.39 eV below the GaN CBM [57] . The samples also contained high concentrations of unintentionally incorporated oxygen (as detected by SIMS [57] ), rendering it likely for stable Fe Ga -O N complexes to form. The observed donor level is consistent with the (+/0) level of Fe Ga -O N that we calculate at 1.22 eV below the GaN CBM (Fig. 6) .
Prior first-principles investigations of Fe incorporation in GaN have also assessed the formation of Fe clusters in GaN [58, 59] by comparing differences in total energy between Fe Ga dimers and trimers in different collinear spin configurations within GGA or GGA+U supercell calculations. We have compared the total energy of a neutral Fe Ga -Fe Ga dimer in a ferromagnetic and antiferromagnetic configuration; in such a complex, the Fe atoms are second-nearest neighbors. We find the antiferromagnetic configuration to be the ground state and lower in energy by 1 eV/Fe atom compared to the ferromagnetic configuration. This is in agreement with prior results that investigated the magnetic configuration of Fe Ga -Fe Ga dimers [58] . However, we find the formation energy of the Fe Ga -Fe Ga dimer in the neutral charge state to be very high (9.58 eV under Ga-rich conditions), and we find there is no binding between the Fe Ga atoms in this complex. This makes it unlikely that these dimers would occur in any appreciable concentration.
We have also considered the properties of Fe Ga -Fe N dimers, in which Fe on the N site is now a nearest neighbor to Fe on the Ga site. Again we found the antiferromagnetic configuration to be lower in energy. The formation energy (under Ga-rich conditions) of the Fe Ga -Fe N complex in the neutral charge state is 11.64 eV; in the positive charge state, the formation energy is 9.03 eV when the Fermi level is at the VBM. This high formation energy again makes it unlikely that Fe Ga -Fe N dimers would play any role in Fe-containing samples.
D. Optical properties of Fe Ga complexes in GaN
Free-to-bound transitions
The complexes also lead to a number of interesting optical transitions, as illustrated in Fig. 7 . We focus here on transitions involving carriers at either the VBM or CBM and with energies in the visible or near-IR; transitions at lower energies are more likely to involve nonradiative recombination. We find that transitions between defect levels of Fe Ga or its complexes and either the CBM or the VBM are allowed, i.e., they have sizable optical dipole matrix elements. and with O p states in the case of the Fe Ga -O N complex. In addition, in GaN the CBM also has a significant amount of N p character. As a result, dipole matrix elements between the CBM and Fe Ga or its complexes have a sizable magnitude and lead to allowed transitions. The hybridization appears to be stronger in the complexes: for isolated Fe Ga , the dipole matrix element between the CBM and the Fe Ga level is an order of magnitude smaller than the matrix element involving the VBM, while for the complexes the matrix elements for transitions with the CBM and with the VBM have comparable magnitudes.
For Fe Ga -H i complexes, radiative transitions between the (+/0) of Fe Ga -H i and holes in the VBM would result in absorption that peaks at 2.44 eV and emission that peaks at 1.70 eV. Optical transitions between electrons at the CBM and the Fe Ga -H i (+/0) level would result in absorption that peaks at 1.87 eV and emission that peaks at 1.05 eV, with a ZPL at 1.41 eV. Radiative transitions between the (+/0) level of Fe Ga -V N and the CBM lead to an absorption process that peaks at 2.28 eV and emission that peaks at 1.49 eV, with a ZPL at 1.87 eV. For the Fe Ga -O N complex, finally, in Fig. 7 we considered radiative transitions between the valence band and the (+/0) level of Fe Ga -O N ; these would result in an absorption peak at 2.55 eV and emission that peaks at 2.07 eV, with a ZPL at 2.28 eV. We also considered radiative transitions between the conduction band and the (+/0) level of Fe Ga -O N and find that this leads to an absorption process that peaks at 1.43 eV and to luminescence that peaks at 0.94 eV, with a relaxation energy of 0.28 eV and a ZPL of 1.22 eV. Radiative transitions can also occur between the (2+/+) level of Fe Ga -O N . We find that transitions involving this level and the CBM lead to an absorption peak at 3.01 eV and emission that peaks at 2.57 eV, with a ZPL of 2.79 eV. If we consider radiative transitions between the (0/−) level of Fe Ga -V N and the valence band, this would lead to absorption that peaks at 1.93 eV and luminescence that peaks at 1.23 eV.
Internal transitions
Due to the presence of the donor in the complex, the ground-state spin configurations of the Fe Ga [56] . The identification of a different spin configuration associated with this internal transition led to the conclusion that the line at 1.268 eV was due to an internal transition that involved an Fe Ga complex rather than the Fe Ga defect itself. Figure 6 shows that in the neutral charge state the complexes are all stable as a spin quintuplet (S = 2), which is the ground-state spin configuration of Fe Ga in the negative charge state [see Fig. 5(b) ]. The first excited state is again a low-spin configuration (in this case S = 1), and it is of interest to examine the energy difference with the S = 2 ground state.
Using HSE SCF calculations, we find the S = 1 excited state of Fe Ga -O N to be 1.36 eV higher in energy than the S = 2 ground state. This value is lower than the SCF energy we calculated for Fe Ga (1.55 eV). Similarly, we find the S = 1 excited state of Fe Ga -V N to be 1.41 eV higher in energy than the S = 2 ground state. This trend of the excited-state energy for a Fe Ga -related complex to be lower than the energy for Fe Ga is consistent with the assignment of the ZPL at 1.268 eV to a Fe Ga -related complex, being lower than the ZPL at 1.299 eV associated with Fe Ga .
Among the various Fe Ga -related complexes, Fe Ga -O N has the lowest formation energy as well as the largest binding energy. Therefore it is plausible that Fe Ga -O N complexes in the neutral charge state are the source of the ZPL at 1.268 eV observed in Fe-doped GaN [56] , although we cannot really exclude other complexes.
E. Role of Fe in carrier trapping processes
AlGaN/GaN HEMTs commonly exhibit current collapse in the drain-source current (otherwise referred to as dispersion) and shifts in the threshold voltage [13, 60] . The current collapse has been attributed to the presence of a deep acceptor in the GaN buffer of the HEMTs. Cho et al. [61] attributed this defect level, which occurs at ∼0.6 eV below the CBM of GaN, to nitrogen antisites. We feel this is unlikely, given that nitrogen antisites have very high formation energies and are thus not expected to be present [62] .
Other measurements have observed a direct correlation between current collapse in nitride HEMTs and the presence of iron in the GaN buffer [60] . Indeed, iron is a likely candidate because it is often intentionally introduced into the GaN buffer of nitride HEMTs to overcome the unintentional n-type conductivity in GaN due to background donors and achieve semi-insulating material. SIMS measurements identified the unintentional incorporation of Fe in the unintentionally doped (UID) GaN region of III-nitride HEMTs [13, 60] . The proximity of the two-dimensional electron gas (2DEG) to the Fe that is unintentionally incorporated in the UID region can lead to nonradiative trapping of electrons from the 2DEG into the UID GaN region. Dynamic transconductance measurements by Silvestri et al. [60] on GaN/AlGaN HEMTs containing Fe-doped GaN buffers were used to determine the magnitude of current collapse; they indeed found a greater degree of current collapse as the concentration of the Fe in the buffer increased. The impact of iron on current collapse has also been corroborated by Meneghini et al. [63] using pulsed current-voltage measurements, which identified a trap with an activation energy of 0.60 eV with respect to the GaN CBM, and again correlated the current collapse with the Fe concentration in the GaN buffer.
The activation energy extracted from these studies agrees well with our calculations of the (0/−) acceptor level due to Fe Ga in GaN. However, there has been some debate over the Fe-related configuration that gives rise to the current collapse. Puzyrev et al. [32] and Mukherjee et al. [64] proposed Fe Ga -V N complexes as the source of current collapse in IIInitride HEMTs. They found that Fe Ga -V N gives rise to a level 0.5 eV below the GaN CBM [32] . They also investigated the role of hydrogen; for the hydrogenated Fe Ga -V N -H i complex they calculated a level 1.5 eV below the GaN CBM. They noted that this is consistent with transient capacitance measurements on III-nitride HEMTs, where the E c − 0.5 eV level is observed prehydrogenation but not posthydrogenation [65] . Mukherjee et al. [64] then proposed that hot carriers in IIInitride HEMTs can lead to dehydrogenation of Fe Ga -V N -H i complexes and thus activate the Fe Ga -V N complex.
We find the Fe Ga -V N acceptor level at E c − 0.37 eV below the GaN CBM (cf. Fig. 6 ) to be in reasonable agreement with the results of Puzyrev et al. [32] . However, our calculations show that the formation energy of Fe Ga -V N is very high, suggesting that Fe Ga -V N is unlikely to form. In addition, our calculations for the Fe Ga -V N -H i indicate this also has a very high formation energy (6.21 eV in the neutral charge state). Puzyrev et al. [32] did not calculate these formation energies, and therefore they were unable to assess whether these complexes would actually form.
Instead of invoking complexes, we suggest that the Fe Ga acceptor itself is the cause of current collapse. The calculated acceptor level, at E c − 0.5 eV, is consistent with the experimental observations. We have previously shown [22] that the Fe Ga acceptor level 0.5 eV below the GaN CBM acts as an efficient electron trap with a large electron capture coefficient, ∼10 −8 cm 3 s −1 . In addition, hydrogenation would also deactivate the Fe Ga acceptor, consistent with the observed deactivation of the E c − 0.6 eV level upon hydrogenation [65] : Fig. 6 shows that the Fe Ga -H i complex has a (0/+) level 2.07 eV above the VBM and thus hydrogenation would effectively suppress current collapse. We conclude that the Fe Ga acceptor is the most likely source for the observed current collapse observed in nitride HEMTs. Fig. 5 .
F. Role of Fe in Shockley-Read-Hall recombination
Iron in GaN was recently shown to act as an efficient Shockley-Read-Hall recombination center [14] . This high rate of nonradiative recombination was surprising, given the position of the Fe Ga acceptor level within the band gap, at 0.5 eV from the GaN CBM. Since capture rates decrease roughly exponentially as a function of energy difference with the band edge [66] , the position of the acceptor level would indicate electron capture would be very fast but hole capture should be slow, and thus the overall Shockley-Read-Hall recombination rate would be low.
This seeming contradiction can be resolved by taking the excited states of Fe Fig. 8 . The calculated [22] electron and hole capture coefficients associated with the processes illustrated in Figs. 8(d) and 8(e) are large, on the order of 10 −8 cm 3 s −1 . These capture coefficients are consistent with the electron and hole capture coefficients extracted from experiment in Ref. [14] .
The efficient nonradiative processes associated with Fe in GaN also influences the optical properties. Photoluminescence measurements that relied on above-band-gap excitation [14, 50] have not observed emission at 2.6 eV. Under conditions where both electrons and holes are created by photoexcitation, we saw that a very efficient nonradiative recombination occurs: holes are captured nonradiatively by an excited state of Fe − Ga , rather than in a radiative process that would lead to 2.6-eV emission. We find that the radiative capture coefficient for holes into Fe − Ga is low, less than 10 −13 cm 3 s −1 . In contrast, nonradiative hole capture into the 3 T 1 / 4 A 1 level [the process illustrated in Fig. 8(e) ] is very fast. Our calculations show that the barrier for this hole capture process is low [ Fig. 9(a) ]. This leads to hole capture coefficients that are large and independent of temperature across a wide temperature range, as shown in Fig. 9(b) .
205202-8 Hence, for photoluminescence measurements conducted with above-band-gap excitation at low temperatures [50] or room temperature [14] , we expect nonradiative hole capture processes to be more efficient than radiative hole capture processes. Once this efficient nonradiative recombination cycle is initiated with the presence of electrons and holes, holes in the VBM will be captured nonradiatively into the 3 T 1 / 4 A 1 level [cf. Fig. 8(e) ] at a rate that is significantly faster than the radiative capture rate into the 6 A 1 / 5 E level that would lead to emission at 2.6 eV [cf. Fig. 4(a) ].
These efficient nonradiative processes would also compete with the narrow emission at 1.299 eV, as discussed in Sec. III B 2. This radiative transition between the 4 T 1 excited state and 6 A 1 ground state of Fe 0 Ga has been observed in Fe-doped GaN excited by subband-gap light [8, 21, 52] , with a lifetime of 8 ms [53] . Note that if above-band-gap excitation were used, the presence of both electrons and holes would lead to these carriers recombining nonradiatively via the excited states of Fe Ga , which would greatly suppress the intensity of the emission of the internal transition.
IV. IRON IMPURITIES IN AlN
A. Electronic properties of Fe in AlN
In Fig. 10 we illustrate the formation energies of Fe Al , Fe N , and Fe i in AlN as a function of Fermi-level position under Al-rich and N-rich conditions. The wider band gap of AlN allows additional charge states to be stable. Fe N can occur in the 2+, +, 0, and − charge states. In each case we find a strong asymmetric outward relaxation of the nearest-neighbor Al atoms. In the 2+ and + charge states the Al atoms are displaced outwards by 21% of the Al-N bond length along the planar direction and 17% along the axial direction. In the neutral charge state the Al atoms are displaced outwards by 21% of the Al-N bond length along the planar direction and 14% along the axial direction. In the negative charge state we find the nearest-neighbor Al atoms to be displaced outwards by 18% along the planar direction and 20% along the axial direction. When incorporated as an interstitial in AlN, Fe i acts as a deep donor and is stable in the 2+, +, and 0 charge states. very difficult to dope p type [67] , such conditions are unlikely to occur. For higher values of the Fermi level, the formation energies of Fe i and Fe N are high and hence Fe is unlikely to be incorporated in interstitial positions or substituting on the N site. Substitutional Fe on the Al site, Fe Al , is thus the most likely configuration to occur, and the formation energy is particularly low under N-rich conditions and when the Fermi level is high in the gap. This is consistent with Mössbauer spectroscopy on Fe-doped AlN [68] , where Fe was found to substitute on the Al site.
Similar to Fe Ga in GaN, Fe Al acts as a deep acceptor but with a (0/−) level at 2.65 eV below the AlN CBM. The incorporation of Fe on the Al site in the neutral charge state results in an outward relaxation of the nearest-neighbor nitrogen atoms by 2.6%, referenced to the equilibrium Al-N bond length. As illustrated in Fig. 11 , we find the occupied Fe d spin-up states to be located below the AlN valence band at an energy roughly 7.1 eV below the VBM. The unoccupied spin-down states are in the AlN band gap, 4.3 eV above the AlN VBM. In the negative charge state, the nearest-neighbor nitrogen atoms relax outwards by 8.7%. We also find the positive charge state, Fe and an emission peak at 3.14 eV, with a ZPL of 3.55 eV. A transition involving an electron at the CBM [ Fig. 12(b) ] would give rise to yellow emission that peaks at 2.14 eV. Optical transitions between the (+/0) level of Fe Al and an electron at the CBM (not illustrated) would lead to absorption that peaks at 3.86 eV and emission that peaks at 2.90 eV.
When incorporated on the Al site in AlN, the d states of Fe are split due to a combination of the crystal field and exchange. Since Fe Al is also tetrahedrally coordinated by four nitrogen atoms and experiences a qualitatively similar crystal field as Fe Ga , Fe Al in the neutral charge state has the same sextuplet spin multiplicity as Fe 0 Ga . We thus expect a similar sequence of excited states as has been found for Fe 0 Ga [cf. Fig. 5(a) ]. We applied our SCF approach to Fe 0 Al and find the energy difference between the sextuplet (S = 5/2) ground state and the quadruplet (S = 3/2) excited state to be 1.58 eV; within our error bar, this value is very similar to our calculated value for Fe 0 Ga in GaN. A study by Baur et al. [8] identified a narrow luminescence band at 1.297 eV that was attributed to the internal transition between the ground state and the first 
V. IRON IMPURITIES IN InN
The formation energies for various configurations of Fe in InN are illustrated in Fig. 13 . Since the formation enthalpy of InN is very small, only minor differences occur between the formation energies under In-rich and N-rich conditions; hence, we present results only for In-rich conditions. In Fig. 13 we allow for the fact that the Fermi level may be well above the CBM in InN; indeed, while the band gap of InN is small, the material can be highly doped and has a small conduction-band density of states, which can push the Fermi level well above the CBM [70] .
Fe incorporated on the In site, Fe In , is stable in the neutral charge state across the entire InN band gap and assumes a high-spin configuration as a spin sextuplet (S = 5/2). The transition to the negative charge state occurs only at 1.69 eV above the CBM (2.37 eV above the InN VBM) and will probably never be reached. In the neutral charge state, the nearest-neighbor nitrogen atoms relax inwards by 8.2% of the In-N bond length. We find the occupied Fe d spin-up states to be located below the InN valence band, 6.5 eV below the VBM. The corresponding unoccupied Fe d spin-down states are located 2.9 eV above the InN CBM. Unlike GaN and AlN, we do not find the positive charge state of Fe In to be stable; this is likely due to the VBM of InN being higher than that of GaN (and AlN), as discussed below. The first excited state of Fe 0 In (a quadruplet) could not be converged using the SCF approach; for this reason we do not discuss the excited-state properties of Fe In . Also, the low band gap of InN (0.68 eV) precludes optical transitions in the visible.
The incorporation of Fe on the N site in the 2+ charge state, Fe since the (2+/+) level occurs well above the CBM, it would contribute two electrons to the CBM, i.e., it would act as a shallow double donor. However, its formation energy is high and hence it is unlikely to occur.
A major difference compared to GaN occurs for the iron interstitial: Fe i is lower in energy than Fe In for Fermi levels within the band gap and well into the conduction band. The lower energy can be attributed to the larger lattice parameters of InN, which favor incorporation on an interstitial site. Fe i is stable in the 2+ charge state across the InN band gap. A (2+/+) transition level occurs at 0.77 eV above the CBM and a (+/0) level at 1.46 eV above the CBM. Our results thus indicate that Fe i in InN acts as a shallow donor.
VI. TRENDS DUE TO THE INCORPORATION OF Fe IN GaN, AlN, AND InN
In 1985, Langer and Heinrich [71] proposed that transitionmetal impurity levels would align on a common energy scale, i.e., when the band structures of host materials were aligned according to the band offsets between them. It is instructive to check if this rule applies to the Fe cation (0/−) level in the IIInitrides. Using the band alignments between the III-nitrides determined based on another alignment method [using the (+/−) level of interstitial hydrogen [72] , we plot the (0/−) level of Fe incorporated on the cation site of each material in Fig. 14 . The (0/−) levels turn out to be aligned within 0.33 eV. If we would use the slightly different band offsets from Ref. [73] , the (0/−) levels would be aligned to within 0.22 eV.
We build further understanding and analyze the trends associated with incorporating Fe in the III-nitrides by comparing the formation energies for all three materials in Fig. 15 . We find that incorporation of Fe on the N site is unfavorable in each of the materials. This can be attributed to the large mismatch in ionic radii between Fe and N across all three materials. Indeed, we find the incorporation of Fe on the N site to lead to large, asymmetric relaxations of the nearestneighbor Fe-cation bond lengths. 
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In contrast, the incorporation of Fe on the cation site leads to significantly smaller structural relaxations. The ionic radius of Fe in the 3+ oxidation state is 0.49 Å. For comparison, the ionic radius is 0.39 Å for Al, 0.47 Å for Ga, and 0.62 Å for In. The mismatch in ionic radii is thus smallest in GaN and larger in AlN and InN. To understand the trends in formation energies across all three compounds, we need to take into account that the formation energies of Fe cation also depend on the chemical potentials. For N-rich conditions at the solubility limit (set by Fe 3 N), the formation energies [cf. Eq. (1)] contain a term H f , the formation enthalpy of the host material. This chemical-potential trend counteracts the size trend between AlN and GaN but adds to the formation energy difference for Fe cation between GaN and InN.
The trends for incorporation of Fe as an interstitial finally can be understood mainly on the basis of atomic size: the larger lattice spacing in InN leads to lower formation energies in InN compared to GaN and AlN.
VII. SUMMARY AND CONCLUSIONS
Using hybrid functional first-principles calculations, we have investigated the electrical and optical properties of iron impurities and their complexes in GaN, AlN, and InN. Results for the formation energies of Fe incorporated in each material are summarized in Fig. 15 . We find that iron incorporated substitutionally on the cation site in GaN and AlN acts as a deep acceptor and gives rise to optical absorption and emission in the visible or UV, as well as intradefect transitions in the IR. The excited states associated with the d-state manifold also play an important role in nonradiative recombination. In InN, Fe i acts as a shallow double donor. We also examined the formation of complexes of Fe in GaN with native defects and impurities, finding that Fe Ga -O N is most likely to form. We suggest that Fe Ga (and not a complex) is the cause of current collapse in AlGaN/GaN HEMTs. Our results allow us to provide consistent explanations for the observed optical transitions (both free-to-bound and internal transitions) and address the competition between radiative and nonradiative recombination.
